1. Introduction {#s0005}
===============

Nanomaterials can facilitate signal transduction with electroactive tags for sensing and imaging purposes. The benefits obtained from nanotechnology mainly depend on specific tailored materials designed with essential structures at the nanoscale level to achieve a specific goal, thus greatly extending the range of applications, including diagnosis. Among the several nanomaterials that have been fabricated, the gold nanoparticle (GNP) is an ideal material that is widely used in the development of sensors, owing to its unique characteristics, such as easy water dispersal, compatibility with surface functionalization, biological non-reactivity, and ability to be tailored with uniform and different nano-sizes ([@bib33], [@bib58], [@bib20]). GNPs adsorb in the visible light spectrum around 520 nm (green light) due to the excitation of plasmons in the particle and this wavelength can be adapted to several optical sensors ([@bib41], [@bib56], [@bib15], [@bib16], [@bib17]). In the past, several attractive gold-based sensing surfaces have emerged, and the applications of these surfaces have expanded to sensor development in conjunction with various fields ([@bib1], [@bib59], [@bib21], [@bib19], [@bib43], [@bib48], [@bib61], [@bib18], [@bib37], [@bib53], [@bib11], [@bib24], [@bib69]).

Beneficial sensing systems have several characteristics, including ease of use, low cost, rapid process, and results that are easily understandable without prior knowledge and distinguishable by the naked eye. Several sensing systems that exhibit these characteristics have been proposed and commercially established, including color-based sensing on membrane filters (such as immunochromatography tests) or solution-based colorimetric assays ([@bib46], [@bib23], [@bib34], [@bib60], [@bib63], [@bib6], [@bib71], [@bib31], [@bib30], [@bib29], [@bib51], [@bib5], [@bib50]). However, the compatibility of the biomolecules used as ligands or analytes must be ascertained. Considering these basic parameters of ideal nanomaterials, i.e., visual interpretation of assay results, and biocompatibility, GNP-based colorimetric assays might be the suitable candidates. GNP-based colorimetric assays can be efficient biosensors, as the molecular recognition event can be transduced visually, obviating the need for any special equipment ([@bib71], [@bib28]). The involvement of interparticle plasmon coupling or local refractive index change-induced plasmon band shift makes this colorimetric assay facile. GNPs are capable of adsorbing small oligonucleotides due to their propensity for electrostatic attractions, hydrophobic absorption, and covalent binding ([@bib71], [@bib35]). Under the category of small oligonucleotides, aptamers have been developed rapidly for use in diagnosis, drugs, molecular validation, etc. ([@bib12]). The features of aptamers including their variety of structural conformations, and their selectivity and specificity, yield excellent matches with target molecules and are ideal for aptasensor development.

Aptamers are artificially evolved molecules against specific targets, from small molecules to whole cells, that are generated by the separation and amplification processes using randomized RNA or DNA libraries. This strategy involves an in vitro selection process, called 'systematic evolution of ligands by exponential enrichment' (SELEX). This selection process mimics the natural selection of aptamers as reported in the case of riboswitches ([@bib2]). A typical aptamer generation process starts with about 10^14^ molecules, under stringent conditions. Only high-affinity molecules are retained through successive selection cycles ( [Fig. 1](#f0005){ref-type="fig"}). The selected aptamers in the past have possessed significant (\>10,000-fold) abilities to discriminate between closely related molecules ([@bib25], [@bib10]). The ability of aptamers to discriminate between molecules has led to the development of high-performance sensing systems. Several functionalization chemistries or modification procedures are available for sensing plates or on aptamers to form the appropriate anchorage and create aptasensors. However, these approaches may have limitations with lower-affinity interactions due to structural changes upon aptamer modification, high cost, and low yield of modified products. The strategy of spontaneous adsorption becomes an easy way to resolve these issues. As demonstrated previously, the GNP-based colorimetric assay is a popular strategy for aptamer--ligand interactions, and does not involve modifying the analyst or ligands ([@bib46], [@bib63], [@bib60], [@bib29], [@bib50]). In the present overview, the colorimetric detection of the controlled assembly and disassembly of GNP-based aptamer--ligand interactions has been described. Further, the suitability of these assays for biomolecular interactions are validated by testing their bio-fouling and non-biofouling characteristics.Fig. 1Schematic representation of the process of 'systematic evolution of ligands by exponential enrichment (SELEX)'. This process involves the selection of high-affinity molecules from a randomized library of molecules by separation and amplification processes, under stringent conditions. Only high affinity molecules are retained with successive selection cycles. After a few to several rounds of selection cycles, molecules with higher affinities are cloned and sequenced to identify the selected candidates.

2. Factors influence GNP-based colorimetric assays {#s0010}
==================================================

Colorimetry is a solution-based assay that is used to determine the concentration of colored compounds. A colorimeter or standard spectrophotometer can be used to estimate the concentration of materials in the solution by measuring its absorbance at a suitable wavelength. In this assay, the length of the light path through the solutions is measured by absorbance, with the units of optical density. The color or wavelength of the filter chosen for the colorimeter is the critical one, as the wavelength of light that is transmitted by the colorimeter has to be same as that absorbed by the substance being measured. With these basic parameters, several GNP-based colorimetric assays for aptamer--ligand interactions have been developed; these assays also depend on several other parameters as described below.

2.1. Effects of mono- and divalent ions {#s0015}
---------------------------------------

This assay involves the strategy of using balanced interparticle attractive or interparticle repulsive forces to cause aggregation or dispersion, respectively (due to gain or loss of surface charges); van der Waals attractive forces on the surface also cause aggregation ([@bib71]). These two states are determined by the presence or absence of ions in the gold colloidal solutions. The as-received gold colloidal solution exhibits strong absorbance of visible light at a wavelength of 520 nm, due to the excitation of plasmons ( [Fig. 2](#f0010){ref-type="fig"}a) ([@bib41], [@bib56], [@bib16], [@bib17]). Due to the above mechanism, in the presence of salts, GNPs can change color from red to purple ([Fig. 2](#f0010){ref-type="fig"}b). The addition of NaCl or other salts caps the repulsion among unmodified negatively charged GNPs, inducing the aggregation of these particles and resulting in a purple or blue solution. To study the dose dependence of these changes on monovalent ions (NaCl), we titrated different concentrations of NaCl from 15 to 120 mM with serial 50% dilutions (15, 30, 60, and 120 mM). As shown in [Fig. 2](#f0010){ref-type="fig"}b, with increasing concentrations of NaCl, there were gradual changes in the color of the GNPs from red to purple. At the 15 mM concentration, the color of the solution was reddish-purple because it was in the transition stage, and the color of the solution turned into completely purple at NaCl concentrations \>30 mM. Most of these colorimetric assays were designed with an NaCl-induced assembly process ([@bib32], [@bib60], [@bib6], [@bib71], [@bib35]). To examine the effect of divalent ions on these color changes, we tested both CaCl~2~ and MgCl~2~, as these 2 candidates are involved in several aptamer--ligand interactions. Based on the NaCl titrations, we chose a concentration of 100 mM for these ions and compared the results with those of the NaCl. These tests revealed that monovalent (NaCl) and divalent (CaCl~2~ and MgCl~2~) ions have similar effects; in all cases, the color of the GNPs changed from red to purple ([Fig. 2](#f0010){ref-type="fig"}b). The dispersion state of GNPs was evaluated spectrophotometrically and an apparent spectral peak appeared with maximal absorption at nearly 520 nm. When the state was altered using salts, the solution turned purple and drastic changes in the spectral peak could be visualized, with maximal absorbance at nearly 630 nm ([Fig. 2](#f0010){ref-type="fig"}c). These changes in the appearance of GNPs under dispersed and aggregate conditions can be visualized under microscope ([Fig. 2](#f0010){ref-type="fig"}d). Previously, ions other than NaCl were used for the aggregation of GNPs, as discussed above ([@bib23], [@bib71]). It has been suggested that magnesium ions have a greater affinity to the phosphate groups of the nucleic acid backbone and cause severe effects in neutralizing the molecules ([@bib23]). Because both mono- and divalent ions affect the aggregation of GNPs, an important point to consider is the inclusion of the appropriate ions in addition to NaCl for optimal aptamer performance and ligand binding in GNP-based colorimetric assays.Fig. 2(a) Spectra of as-received GNPs, (b) titrations to evaluate salt-induced aggregation. NaCl concentrations from 15 to 120 mM were used. The color changes from red to purple with increasing salt. Salt induced aggregation of GNPs; 100 mM of different salts were tested. (c) Spectral changes in as-received GNP upon salt-induced aggregation. Color changes from red to purple are indicated. (d) Observation of the assembly and disassembly process of GNPs under salt induction. GNPs were visualized by scanning electron microscopy (SEM; JEOL, JSM-6340F). A scale bar is provided. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

2.2. Influence of sizes of GNPs {#s0020}
-------------------------------

Apart from the effect of mono- or divalent salts, the sizes of the GNPs may also influence colorimetric assays. Several researchers reported application of GNPs in different sensor platforms using different sizes of GNPs ([@bib35]; references therein). In general, an increase in GNP size, with the concomitant increase in surface area, requires the consumption of greater amounts of aptamers for any given assay. Generally, a GNP size between 5 and 40 nm is ideal for sensor development ([@bib9], [@bib35], [@bib17]). Successful fabrication of a label-free biochip based on GNPs, shown that the sizes of diameters in the range of 12--48 nm significantly affects the sensitivity, the detection limit for protein and small molecule with 39-nm-diameter GNPs was 20-fold higher than 13 nm GNPs ([@bib42]). [@bib16] have evaluated the GNPs with different sizes on the waveguide-mode sensing surface modified with varied surface chemistries. In terms of sensitivity, [@bib35] concluded that larger GNPs are necessary, and demonstrated higher sensitivity using 38-nm GNPs. Smaller GNPs are more stable than larger ones. Larger GNPs will yield more rapid color appearance, but will also undergo self-coagulation. It has been reported that average errors would be negligible for biomolecules attached to larger GNPs, but appreciable with smaller GNPs ([@bib35]) ( [Fig. 3](#f0015){ref-type="fig"}a). [@bib38] screened different sizes of GNPs (5, 20, 50, and 100 nm) and chose 20-nm GNPs for the detection of cancer cells.Fig. 3(a) Characteristics of GNPs based on size ([@bib35]). (b) Representation of the effect of spacers on duplex formation. Shown is an extended aptamer tail with a 5′--or 3′-end spacer. (c) Influence of double-stranded and single-stranded DNA on the salt-induced aggregation of GNPs.

Recently, [@bib35] analyzed antibody attachment and the effect of pH with different sizes (14, 16, 35, and 38 nm) of GNPs. Obviously, a lower amount antibody was required to coat the 16-nm GNP than for GNPs of larger diameter. The optimum pH for the attachment of biomolecules is higher for smaller GNPs than for larger GNPs. However, it was recommended to use acidic pH to immobilize proteins on the gold surfaces ([@bib13]).

2.3. Influence of aptamer strands and lengths {#s0025}
---------------------------------------------

GNPs are mostly investigated for biosensor development due to its noble property and demonstrated for a high sensitivity with oligonucleotide ([@bib22]). A strategy using aptamer as reversible crosslinkers for 'sensing aggregates' with GNPs has been proposed ([@bib4]). In several instances, sensor surfaces that have been developed for nanoscale biosensors have gold surfaces that use thiolated biomolecules as linkers ([@bib1], [@bib19], [@bib21], [@bib43], [@bib37], [@bib53]). This method has no complications to immobilize them on GNPs, forms stable particles with negatively charged ssDNA and further found to stabilize upon binding to the target ([@bib72]). Aptamers provide various options with structural variations to bind to their selected target molecules, and these vary with the length of the aptamers ([Fig. 3](#f0015){ref-type="fig"}b). Considerations of aptamer lengths are very critical when the aptamer is immobilized on a solid surface ([@bib5]). In connection with duplex formation, it is also necessary to consider the length of the aptamer or the extension of the aptamer sequence in order to enable complementation with other sequences. Nucleic acids are composed of four nucleotides, adenosine (A), cytidine (C), guanosine (G) and thymine (T), and thymine in DNA, is replaced by uracil (U) in RNA. Canonical complementation occurs between A and T or U, and between G and C. [@bib49] have analyzed the surface-induced weakening and the associated asymmetry in hybridization responses of two strands forming a hairpin stems on gold surfaces. [@bib55] reported that the stability of ssDNA on GNPs is sequence specific, they analyzed with different nucleosides (dA, dG, dC, and dT) and shown different binding affinities to the assemblage. Moreover, dT has a much lower binding affinity to the GNP surface than dG, dC, and dA. In corroboration with these studies, it was reported that thymines are interacting minimally with gold surfaces, whereas adenine interacts well ([@bib49], [@bib5]).

In the above context, there are differences in electrostatic attractions between double-stranded (ds) or single-stranded (ss) DNA molecules to the GNPs. Upon hybridization, there will be changes in electrostatic, steric repulsion or both ([@bib99]). In addition, a detailed study with the covalent attachment of GNPs to DNA template was reported by [@bib54]. It was also reported that GNPs are capable of adsorbing small oligonucleotides due to hydrophobic absorption in addition to electrostatic attractions and covalent binding ([@bib71], [@bib35]). [@bib47] have explained the colorimetric detection strategy using ssDNA-modified GNPs binding to the target due to van der Waals force. The advantage of GNPs is that the atoms on the GNP surface can interact with the nitrogenous bases of the ssDNA, enabling their attachment. Usually, ssDNA is flexible and can partially uncoil and expose its bases, leading to greater distances between the phosphate groups, and the molecules therefore have less negative charges. GNP is usually stabilized, for example with citrate, and has a negative charge and repulsion between similarly charged GNPs prevents van der Waals attractions among the GNPs leading to no aggregation. Due to its similar charge, dsDNA cannot attract GNPs and the dispersed GNP will aggregate with NaCl even in the presence of dsDNA ([Fig. 3](#f0015){ref-type="fig"}c) ([@bib32], [@bib60]). Based on this principle, [@bib32] developed a strategy for mismatch analyses on DNA strands. To construct an ideal duplex, a spacer can be created at the 5′ end where the linker is available, or at the 3′ end. The length of the spacer may cause a sliding effect on duplex formation, leading to misalignment. In this case, duplex formation without the spacer regions is highly recommended ([Fig. 3](#f0015){ref-type="fig"}b). However, [@bib71] reported that an anti-adenosine aptamer with a thymine-10 (T10) spacer at the 5′ end folded properly and enhanced the stability of the gold colloid more effectively than in the absence of a spacer. Another study with alkanethiol-capped oligonucleotides has been performed using GNPs with poly dT, dA, and dC oligonucleotide sequences of 5--20 bases in length, and the stabilities of the particles were measured. GNPs with poly dT oligonucleotides exhibited a dramatic increase in stability as the length increased from 5 to 20 bases ([@bib55]). Recently, it was found that stacking effect with duplex formation of 8 bases to anti-platelet-derived growth factor aptamer, caused significant improvement in the signal-to-noise ratio for GNP-based colorimetric assays ([@bib3]). [@bib5] analyzed riboflavin-binding aptamers of different lengths, generated by the addition of bases at the 5′ end. They generated 3 sizes: wild-type (no additional sequences), short-tail (5 random bases at the 5′ end) and long-tail (17 random bases at the 5′ end). Based on their analyses of all these aptamer derivatives, the authors found a tail of 17 random additional bases were more effective than a shorter extension of 5 random bases; however, the response was not as good as no nucleotides were added. The above studies suggested that even though the lengths of the aptamer--GNP conjugates do not cause significant variations, the lengths of the aptamers might play a role in stabilization.

2.4. Influence of aptamer conformations {#s0030}
---------------------------------------

Generally, nucleic acids or aptamers show proper folding and form stem and loop regions, called paired and unpaired regions to create appropriate structures. With these proper structures, the aptamer can form the ideal fit and bind tightly to its appropriate ligand. Several software-based or biochemical-based strategies are available to correctly predict aptamer structural information ([@bib14]). Mixtures of canonical and non-canonical conformations, which formed the 4-stranded tetraplex G-quartet structure, were found to increase the charge density on the GNPs, causing the color to remain red in salt-induced ionic conditions even in the presence of the target molecules ([@bib6]). This was also demonstrated for the G-quartet conformation of anti-thrombin aptamers on the GNPs in the presence of the target ([@bib63]).

However, it is necessary to collect information from previous reports about the effects of either folded (properly structured) or unfolded (variations in the structure for the same molecules) aptamers used in the GNP-based colorimetric assays. Several DNA aptamers are exhibiting unique secondary structures, found not to have ability of stabilizing GNPs electrostatically and these aptamers are not suitable for GNP-based colorimetric assays ([@bib70]). Previously, both properly folded ([@bib71]) and improperly folded ([@bib50]) aptamers were used in aptamer-based colorimetric assays. Usually, unfolding happens during the process of aptamer preparation due to the usage of denaturing agents such as urea. However, the proper folding of these unfolded molecules with varied structures can be obtained in this case by denaturing at higher temperature (\~92 °C) for 1 or 2 min and cooling to room temperature. In addition, the presence of mono- or divalent ions also assists in proper folding. [@bib50] have reported that even though the anti-vitamin B~12~ (cyanocobalamin) aptamer was originally selected and used with 1 M lithium chloride (LiCl) for proper folding, the aptamer--target complex formation retains its sensitivity in the absence of LiCl. However, [@bib71] evaluated folded and un-folded DNA aptamers against the target, adenosine, and found that properly folded aptamers showed unique stabilized binding on the GNP that was stable against salt-induced aggregation, whereas unfolded aptamers bound on the GNP were less stable, indicating the importance of properly folded conformations of aptamers for this colorimetric assay. We also carried out the attachment of 3 µM aptamers composed of a 34mer (anti-factor IXa), under heat-denatured and non-heated conditions on the GNP, followed by the addition of 100 mM NaCl, and found that both experiments created stable conditions and prevented aggregation ( [Fig. 4](#f0020){ref-type="fig"}). In this case, due to the smaller size of the aptamer, heat-denaturing conditions might not be critical. However, it is commonly expected that a folded aptamer will have higher affinity to the target molecules than an unfolded one. The stability against salt conditions is typical when GNPs and aptamer conjugates exist, which do not aggregate. However, if we add an appropriate target molecule, the GNP in the reaction mix forms aggregates upon the addition of NaCl due to the separation of the attached aptamers from the GNP by aptamer--target complex formation ([Fig. 4](#f0020){ref-type="fig"}). However, greater colloidal stabilization (red-colored GNP) was reported with the addition of target to the aptamer-linked GNP ([@bib71]). With these strategies, several colorimetric assays have been previously carried out using GNP-aptamer conjugates as the probes. Targets of different molecular sizes have been tested with their aptamer conjugates on the GNP; these strategies are discussed below ( [Table 1](#t0005){ref-type="table"}).Fig. 4Schemes showing the interaction of salt-immobilized GNPs with target molecules. The formation of dispersed and aggregated GNPs under ionic conditions is indicated by the color of the GNPs. The effect of folded and unfolded aptamers on GNP aggregation is shown. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)Table 1Molecules involved in GNP-based colorimetric assays.**Size of GNP (nm)Oligo typeOligo lengthTargetDetection limitUV--visible spectraReferences**12±1DNA--Thrombin20 nMRed-shift[@bib46]15DNA27ATP600 nMRed-shift[@bib60]13DNA29Thrombin830 pMRed-shift[@bib63]20DNA94Cancerous cells90 cellsRed-shift[@bib38]14DNA24Mercury3 µMRed-shift[@bib68]13DNA10Mercury600 pMRed-shift[@bib31]13DNA76Oxytetracylcine25 nMRed-shift[@bib29]13DNA21Kanamycin25 nMRed-shift[@bib51]13DNA58Dopamine360 nMRed-shift[@bib73]13DNA33Platelet-derived growth factor6 nMRed-shift[@bib3]17±0.6DNA29Riboflavin100 nMRed-shift[@bib5]15RNA35Vitamin B~12~0.1 µg/mlRed shift[@bib50]13DNA19Ampicillin10 ng/mlRed shift[@bib52]13.3±1.2DNA27Thrombin5 pMRed shift[@bib47]13DNA22Sulfadimethoxine50 ng/mlRed-shift[@bib7]13.3±1.2DNA35PDGF25 nMBlue-shift[@bib23]13DNA27ATP10 nMBlue-shift[@bib6]19.6±0.1DNA27Adenosine20 µMBlue-shift[@bib71], [@bib72]

3. Detection of small ligands {#s0035}
=============================

Observations of small-molecule interactions are difficult to analyze by several currently available sensors. Aptamer and small molecule interactions are important because small molecules are mainly involved in drug development. Several currently available drug or chemical libraries used in the drug-discovery process is mainly composed of small molecules. [@bib60] tested the effect of dsDNA or ssDNA aptamer binding to ATP using this assay; sequences complementary to the aptamer were liberated into the solution upon the addition of ATP and caused concomitant changes in the color of the solution. [@bib6] analyzed urinary adenosine samples with a G-quartet aptamer structure and found that the red-wine color of the GNPs with higher salt conditions persisted even in the presence of target molecules ([@bib6]). With respect to folded and unfolded aptamers, [@bib71] further analyzed aptamer--adenosine interactions; the GNP-aptamer conjugates were stabilized further upon the addition of the target. In these cases, the wavelength of the absorbed light is blue-shifted rather than red-shifted, as reported in other cases. Aptamer-based colorimetric detection of a small molecule, Hg^2+^, on unmodified gold nanoparticle (UGNP) as the colorimetric probe was performed by [@bib31]. As discussed above, this assay was carried out based on differential salt-induced aggregation of UGNP in the presence or absence of the target molecule Hg^2+^. In the presence of Hg^2+^, 2 T-rich single-stranded oligonucleotide DNA aptamers form a duplex through the T--Hg^2+^--T complex, are thus unable to bind UGNP, and fail to stabilize the particles. In the absence of Hg^2+^, ssDNA oligonucleotide aptamers bind UGNP via the nitrogen atoms of the bases. This stabilizes the nanoparticles, which exhibit resistance to salt-induced aggregation, giving the solution a red appearance. The corresponding changes in UV--visible spectra were used to quantitatively analyze Hg^2+^. In this study, at 5 min incubation, the absorption ratio (*A* ~670~/*A* ~520~) of the assay demonstrated a linear correlation to the target concentration (from 1×10^−4^  M to 1×10^−9^  M). The sensitivity of GNPs is due to the high molar absorptivity in the visible region (as is evident from the higher absorption ratio with increasing Hg^2+^ concentration). This assay achieved a picomolar detection limit (600 pM). Similarly, using DNA/nanoparticle conjugates, [@bib68] developed detection systems with mercury, although they obtained a higher detection limit (in the order of micromolar concentrations). In a further advance in colorimetric-based assays, [@bib44] designed logic gates, based on aptazymes with small ligands. To formulate a universal strategy, [@bib67] designed colorimetric detection assays for DNA, proteins, small molecules, and ions on the GNP and conjugated polyelectrolytes. High sensitivity detection of an anti-bacterial agent (oxytetracycline) by aptamer-coated GNPs was demonstrated for small molecule analyses ([@bib29]). Another DNA-aptamer based detection assay has been developed for kanamycin using a similar strategy ([@bib51]). [@bib7] made critical analyses with aptamer-immobilized GNPs against the target sulfadimethoxine and determined the pH value, aptamer concentration and salt concentration as 8.0, 2 µM and 2 M, respectively, for the sensitive detection. Most colorimetric-based detection systems have been used DNA--aptamers, however, a detection system has been developed for vitamin B~12~ using a 2′-fluoro modified RNA aptamer immobilized on GNPs ([@bib50]). The reported GNP-based colorimetric assays rely on small molecules and aptamer interactions in most cases, including those discussed in this section ([Table 1](#t0005){ref-type="table"}).

4. Detection of macromolecules {#s0040}
==============================

In the above section, we have discussed GNP-based colorimetric assays for small molecules; similar detection systems have also been proposed for macromolecules such as proteins and whole cells ([Table 1](#t0005){ref-type="table"}). Among several molecules that have been tested with GNP-based colorimetric strategies, thrombin is one of the predominant targets ([@bib46], [@bib36], [@bib63], [@bib26], [@bib8], [@bib47]). [@bib46] reported the use of an aptamer-functionalized GNP, using thrombin as the target molecule, with a detection sensitivity limit of 20 nM. Confirming these results, the addition of thrombin to other control nucleic acid did not change the color with the addition of salt; moreover, bovine serum albumin (BSA) and human IgG maintained the stability as these are negative samples for anti-thrombin aptamer. Similarly, [@bib63] demonstrated this assay with the anti-thrombin--thrombin interaction and discussed proper aptamer folding in the presence of thrombin. Recently, [@bib47] demonstrated the colorimetric assay with thrombin and attained the sensitivity as low as 5 pM. [@bib23] designed different strategies for evaluating the interaction between platelet-derived growth factor (PDGF) and the PDGF receptor using GNPs modified with thiolated aptamers as probes with a view to develop a colorimetric sensing assay for cancer diagnosis. They found that aptamer-immobilized GNPs were dispersed at lower and higher concentrations of the target, and aggregated at medium concentrations, due to the formation of cross-links between the aptamer-modified GNPs. The addition of 0.1% BSA to the anti-PDGF-modified GNPs does not allow the formation of aggregates in NaCl concentrations up to 3 M. [@bib3] also demonstrated specific interactions between the target PDGF and the anti-PDGF aptamer with a different strategy. Apart from proteins, the development of sensors for the detection of whole cells, such as those causing cancer, is very important in terms of medical diagnosis. Gold materials-based detection has been used in the development of tumor sensors, drug-delivery agents, and as enhancers in plasmonic photothermal therapy to treat cancer ([@bib33]). Using aptamer and GNP conjugates, a colorimetric assay for diseased (cancer) cell detection that discriminates against normal cells has been demonstrated by [@bib38].

5. Molecular screening on GNP -- 'biofouling' {#s0045}
=============================================

In the studies discussed above, the issue of biofouling, which involves non-specific binding of target molecules on UGNP, remains unclear. In the past, especially in sensor development, several attempts have been made to prevent non-specific binding and improve the specificity of the sensing system ([@bib39]). Even though several natural polymers are available, the use of synthesized polymers is an efficient way to reduce such non-specific interactions ([@bib45], [@bib40], [@bib27], [@bib66], [@bib65], [@bib64]). These studies have significantly improved the quality and sensitivity of several sensing strategies. Non-specific bio-fouling remains one of the key issues in the development of higher sensitivity sensors; therefore, in the development of colorimetric assays, we screen different macro- and small molecules for specific attachment. In GNP-based colorimetric assays, aptamers are attached to the GNP by physical adsorption and are considered basic molecules. However, the attachment of the target to the GNP, irrespective of its interaction with the aptamers, is not investigated in many instances. To answer this issue, molecular screening should be performed in these studies with different commonly used molecules.

5.1. Macromolecules (proteins) {#s0050}
------------------------------

Non-specificity is commonly seen in the case of macromolecules such as proteins in several sensing systems, and is drastically reduced or nullified with small molecules. To address the question of specific interactions, we initially screened different classes of important proteins that are involved in several applications. The screened proteins were human clotting factor IX (FIX), erythropoietin (EPO), hemagglutinin (HA), severe acute respiratory syndrome (SARS) envelope-GST, rabbit IgG, streptavidin, protein A, and BSA. These proteins were directly attached on the as-received GNPs (dispersed state) followed by the addition of NaCl with the expectations of forming aggregates. As reported recently ([@bib3]), 60 mM NaCl was noticed as an enough ionic condition to change the color of the GNPs from red to purple in the absence of protein. Initially, we used FIX at a concentration of 100 nM for adsorption on the GNPs; with the addition of 60 mM NaCl there was no change in the reddish color of the GNPs and they remained in the dispersed state. This state was unchanged even with the addition of 10-fold higher NaCl (600 mM) and remained constant even under such strong ionic conditions ( [Fig. 5](#f0025){ref-type="fig"}). This indicates that the FIX protein has a strong affinity for GNPs and prevents the formations of aggregates. To test whether this effect was seen only for FIX or with other proteins too, we screened 2 more proteins (EPO and HA), and the results showed similar effects of the physical adsorption of EPO and HA on the GNPs. Further screening with other proteins (SAR envelope-GST, rabbit IgG, streptavidin, protein A and BSA) with 100 nM concentration and the addition of 100 mM NaCl was also yielded the similar results ([Fig. 5](#f0025){ref-type="fig"}). Based on these results, it can be generalized that most proteins can adsorb physically to GNPs and may not be suitable for the evaluation on GNP-aptamer conjugates without reducing non-specificity. [@bib57] have also shown the strong physical adsorption of BSA on GNPs with their displacement strategy using dithiothreitol. In reporting aptamer-protein interactions using GNP-based colorimetric assays, the selection of the appropriate negative control proteins is mandatory (to void non-specific binding). It is wise to test the desired target molecules for non-specificity before performing the main interactive analyses that rely on colorimetric assays with GNP-aptamer conjugates.Fig. 5Screening of macro- and micro-molecules for salt-induced aggregation. Biofouling and non-biofouling characteristics are determined by the direct attachment of these molecules on the GNP and NaCl was added to visualize GNP aggregation.

5.2. Small molecules {#s0055}
--------------------

Based on the above analyses, it is clear that compatibility is an important key point for interactive analyses using GNPs, especially with protein. Other than these macromolecules, as stated above, small ligands are generally considered to exhibit little or no lower non-specific interactions on GNPs. To evaluate this, we screened different small molecules that have been routinely used in the past for different sensing purposes. The screened small molecules included ethanolamine, biotin, ATP, Hoechst 33258, theophylline, and caffeine; bearing in mind the necessity for higher amounts of small molecules compared to proteins, in this study we used 1 μM of molecules to be tested. Among these molecules, ethanolamine, ATP, theophylline, and caffeine showed no interactions with GNPs, as confirmed by the addition of 100 mM NaCl, which yielded a clear purple or blue color, indicating the formation of aggregates under ionic conditions. In general, amine groups are expected to have non-specific interactions on GNPs, as in the above cases where the proteins have amine groups on their surfaces. However, ethanolamine, which was used in the small molecule screening has amine groups and is a common blocking reagent, especially for SiO~2~ surfaces ([@bib16], [@bib17]), although it did not result any non-specificity on the GNPs used here. At the same concentration (100 mM) of NaCl, biotin and Hoechst 33258 yield a reddish-purple color and in this case, it may be necessary to use higher concentrations of NaCl (\>100 mM). Based on these screening studies with both macromolecules and small molecules, it can be concluded that small molecules are well suited for GNP-based colorimetric assays.

6. Perspectives {#s0060}
===============

GNPs are capable of attracting small oligonucleotides, paving the way for the development of colorimetric assays for different biomolecular interactions. This label-free approach is fast, robust, and dependent only on routine equipmental tools, abrogating the need for additional steps such as modification of the aptamer and separation of the bound and unbound aptamer--target complexes. An overall comparison of reports made in the past revealed that GNP sizes between 10 and 20 nm are suitable and ideal for the detection of small molecules. In terms of sensitivity this method may not able to reach femtomolar concentrations. In addition, in most cases, DNA aptamers/oligos rather than RNA aptamers are used to develop colorimetric assays, indicating their suitability or cost-effect ([Table 1](#t0005){ref-type="table"}). Although several strategies for the detection of aptamer--ligand interactions using colorimetric-based assays have been developed, this convenient assay is highly reliable for molecules that exhibit greater non-fouling on GNPs. The GNP-based colorimetric assay is very convenient for evaluating aptamer--ligand interactions, and these assays for molecular screening can be performed without prior experience. Moreover, considering the suitability of this assay for smaller ligands, this method is recommendable for the small molecule screening of chemical or drug libraries against aptamer. Further, GNP-based controlled assembly and disassembly strategies are promising for biological applications due to their optical properties and can be applied to the design of GNP-based nanoassembly methods.
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